Late Neoproterozoic (c. 555 Ma) high-pressure^ultrahigh-temperature (HP^UHT) metamorphism has been documented for MgAl-rich migmatitic granulites from the Palni Hills in the Southern Granulite Terrane (South India). Conspicuous reaction textures indicate a clockwise P^T evolution, which is constrained through P^T pseudosection modelling and thermobarometry. The transformation of sillimanite to kyanite, which coexisted with orthopyroxene and/or garnet, records an early stage of loading. During subsequent heating to UHT conditions at deep-crustal levels (c. 10008C, 13·0 kbar) kyanite was transformed to sillimanite, and distinct peak-temperature assemblages (orthopyroxene þ sillimanite þ mesoperthite þ rutile AE garnet AE quartz AE sapphirine, garnet þ biotite þ sillimanite þ spinel þ corundum þ rutile þ plagioclase and garnet þ orthopyroxene þ rutile þ plagioclase AE quartz) formed in specific bulk compositions through biotitedehydration-melting reactions. A sequence of corona and sapphirine-bearing symplectite textures records subsequent isothermal decompression of the order of c. 6 kbar at persistent extreme temperatures (1010^9208C). UHT decompression is consistent with the uniformly high Al contents of porphyroblastic, coronitic and symplectitic orthopyroxene (up to 10·4 wt % Al 2 O 3 ). Regrowth of garnet and biotite documents post-decompressional cooling to subsolidus conditions of 58008C at mid-crustal levels (c. 6 kbar). HP^UHT metamorphism and the clockwise P^T path of the Palni Hills granulites is attributed to a single late Neoproterozoic tectono-metamorphic event, which has been consistently dated at c. 555 Ma through laser ablation inductively coupled plasma mass spectrometry U^Pb analyses of zircon and in situ electron microprobe U^Th^total Pb analyses of monazite. The MgAl-rich granulites occur as enclaves in enderbitic orthogneiss. The intrusion of the orthogneiss in the late Archean (2534 AE 28 Ma) marks the beginning of voluminous granitoid emplacement in the Southern Granulite Terrane between 2530 and 2440 Ma, which presumably caused a first high-grade metamorphic event in the early Paleoproterozoic (2469 AE13 Ma), recorded by zircon cores in the MgAl-rich granulites. The clockwise P^T^t evolution indicates that HP^UHT metamorphism in the central part of the Southern Granulite Terrane is related to collisional tectonics during the final assembly of Gondwana in the late Neoproterozoic. Extreme heating is ascribed to upwelling of the asthenosphere during delamination of the thickened lithospheric mantle. Fast uplift of the rocks followed by mid-crustal isobaric cooling reflects extension of the hot overthickened crust and its subsequent cooling to a normal geotherm.
Late Neoproterozoic (c. 555 Ma) high-pressure^ultrahigh-temperature (HP^UHT) metamorphism has been documented for MgAl-rich migmatitic granulites from the Palni Hills in the Southern Granulite Terrane (South India). Conspicuous reaction textures indicate a clockwise P^T evolution, which is constrained through P^T pseudosection modelling and thermobarometry. The transformation of sillimanite to kyanite, which coexisted with orthopyroxene and/or garnet, records an early stage of loading. During subsequent heating to UHT conditions at deep-crustal levels (c. 10008C, 13·0 kbar) kyanite was transformed to sillimanite, and distinct peak-temperature assemblages (orthopyroxene þ sillimanite þ mesoperthite þ rutile AE garnet AE quartz AE sapphirine, garnet þ biotite þ sillimanite þ spinel þ corundum þ rutile þ plagioclase and garnet þ orthopyroxene þ rutile þ plagioclase AE quartz) formed in specific bulk compositions through biotitedehydration-melting reactions. A sequence of corona and sapphirine-bearing symplectite textures records subsequent isothermal decompression of the order of c. 6 kbar at persistent extreme temperatures (1010^9208C). UHT decompression is consistent with the uniformly high Al contents of porphyroblastic, coronitic and symplectitic orthopyroxene (up to 10·4 wt % Al 2 O 3 ). Regrowth of garnet and biotite documents post-decompressional cooling to subsolidus conditions of 58008C at mid-crustal levels (c. 6 kbar). HP^UHT metamorphism and the clockwise P^T path of the Palni Hills granulites is attributed to a single late Neoproterozoic tectono-metamorphic event, which has been consistently dated at c. 555 Ma through laser ablation inductively coupled plasma mass spectrometry U^Pb analyses of zircon and in situ electron microprobe U^Th^total Pb analyses of monazite. The MgAl-rich granulites occur as enclaves in enderbitic orthogneiss. The intrusion of the orthogneiss in the late Archean (2534 AE 28 Ma) marks the beginning of voluminous granitoid emplacement in the Southern Granulite Terrane between 2530 and 2440 Ma, which presumably caused a first high-grade metamorphic event in the early Paleoproterozoic (2469 AE13 Ma), recorded by zircon cores in the MgAl-rich granulites. The clockwise P^T^t evolution indicates that HP^UHT metamorphism in the central part of the Southern Granulite Terrane is related to collisional tectonics during the final assembly of Gondwana in the late Neoproterozoic. Extreme heating is ascribed to upwelling of the asthenosphere during delamination of the thickened lithospheric mantle. Fast uplift of the rocks followed by mid-crustal isobaric cooling reflects extension of the hot overthickened crust and its subsequent cooling to a normal geotherm.
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I N T RO D UC T I O N
Situated in a central position in most Gondwana reconstructions, the Southern Granulite Terrane of Peninsular India is a key area for studying the formation of the supercontinent in the late Neoproterozoic ( Fig. 1a; e.g. Meert, 2003; Collins & Pisarevsky, 2005) . However, the precise geotectonic position of the Southern Granulite Terrane in Gondwana and its link with other supercontinent fragments are controversial (e.g. Ghosh et al., 2004; Collins et al. 2007a) , as the geodynamic evolution of the Southern Granulite Terrane is poorly understood. In particular, the location of Neoproterozoic suture zones is a matter of discussion, as unequivocal indicators for a suture, such as subduction-related high-pressure (HP) rocks or remnants of oceanic crust, have not been recognized in south India. To substantiate possible correlations of the Southern Granulite Terrane with other fragments of Gondwana such as Madagascar, Sri Lanka or Antarctica, protolith formation ages and the timing and significance of tectono-metamorphic events in each of the crustal domains must be known.
In the present study we have reconstructed the P^T^t evolution of MgAl-rich granulites from the central Madurai Block (Fig. 1b) , the largest but at the same time the least understood crustal domain of the Southern Granulite Terrane. MgAl-rich granulites often preserve reaction textures, which allow for detailed P^T path reconstructions (e.g. Sengupta et al., 1990; Harley, 1998a; Kriegsman & Schumacher, 1999; Goncalves et al., 2004; Brandt et al., 2007) . MgAl-rich granulites have been reported from several localities in the Southern Granulite Terrane (Fig. 1c) and their mineral assemblages have been used to constrain ultrahigh-temperature (UHT) granulite-facies (T49008C) conditions (e.g. Raith et al., 1997; Sajeev et al., 2004; Tsunogae & Santosh, 2006; Tsunogae et al., 2008; Kanazawa et al., 2009; Sato et al., 2009) . However, UHT conditions in the northernmost Madurai Block and the adjoining Palghat^Cauvery shear zone have been recently questioned (Sengupta et al., 2009; . In addition, high-pressure conditions of 12^20 kbar, which have been deduced for some UHT localities (Shimpo et al., 2006; Kanazawa et al., 2009; Sajeev et al., 2009; Sato et al., 2009) , are highly controversial (Kelsey et al., 2006) .
Not only the magnitude of the peak-metamorphic conditions but also the timing of high-grade metamorphic events in the Southern Granulite Terrane is a matter of debate. Zircon sensitive high-resolution ion microprobe (SHRIMP) ages, as well as electron microprobe (EMP) monazite data, indicate late Neoproterozoic to Cambrian (550^500 Ma) (U)HT metamorphism in the Madurai Block Collins et al., 2007a Collins et al., , 2007b Clark et al., 2009a) . However, early Neoproterozoic (9508 50 Ma; Braun & Appel, 2006; Braun et al., 2007) and mid-Neoproterozoic ages (c. 810 Ma; Kooijman et al., in preparation) are also reported for the timing of high-grademetamorphism and suggest a complex poly-metamorphic evolution of the Madurai Block. The inconsistencies in the deduced P^T conditions and the still insufficient geochronological database have hampered a conclusive interpretation of the geodynamic evolution of the Madurai Block.
The present study focuses on the petrogenesis of MgAl-rich granulites and associated enderbitic gneisses exposed in the Palni Hills, the northern part of the Kodaikanal Massif (Fig. 1c) . In a previous study a two-stage decompressional P^T path culminating at UHT conditions (900^10008C, 10^12 kbar) was deduced for the MgAl-rich granulites (Brown & Raith, 1996; Raith et al., 1997) . In the light of sparse chronological data for orthogneisses of the Kodaikanal Massif, Raith et al. (1997) speculated that high-grade metamorphism and subsequent early stage decompression might be early Paleoproterozoic in age and that the intrusion of the surrounding enderbitic gneisses may have acted as a heat source. A second decompression stage has been ascribed to the Pan-African orogeny.
Excellent recent exposure conditions have led to the discovery of new varieties of MgAl-rich granulites at the Palni Hills locality. They preserve several new indicative mineral assemblages and reaction textures, which provide the opportunity to refine the P^T path of Raith et al. (1997) through the application of P^T pseudosections. In addition, we have dated the Palni Hills granulites for the first time. The specific aims of the present study are (1) to determine the protolith ages of the MgAl-rich granulites and the enderbitic gneisses, (2) to constrain the timing of UHT metamorphism, and (3) to reconstruct the P^T^t evolution of the MgAl-rich granulites. The results will provide new insight into the role of the Madurai Block and the Southern Granulite Terrane during the formation of Gondwana. Kusky et al. (2003) , with the location of the Kuunga and East Africa Orogen from Meert (2003) HP granulite-facies metamorphism, from crustal domains in the south, which experienced Neoproterozoic highgrade metamorphism (Madurai Block & Trivandrum Block; Fig. 1b) . As the northern blocks were not affected by Neoproterozoic pervasive deformation (e.g. Raith et al., 1999; Clark et al., 2009b) they are grouped together in a common late Archean^early Paleoproterozoic crustal domain termed the Northern Granulite Terrane whereas the two Neoproterozoic blocks represent the Southern Granulite Terrane . High-grade metamorphism in the Southern Granulite Terrane is generally ascribed to late Neoproterozoic collisional tectonics attributed to the assembly of Gondwana (e.g. Collins et al., 2007a Collins et al., , 2007b . As the Palghat^Cauvery shear zone apparently separates crustal domains with different tectono-metamorphic evolution, it is commonly regarded as a Neoproterozoic suture (e.g. Chetty et al., 2003; Collins et al., 2007a) . This model has been questioned by the recognition of late Archean rocks south of the Palghat^Cauvery shear zone, which suggests a southward continuation of the Dharwar Craton up to a lineament, termed the Karur^Kambam^Painavu^Trissur shear zone (Ghosh et al., 2004; Fig. 1b) . This lineament subdivides the Madurai Block into two distinct crustal domains that display significant lithological differences ( Fig. 1c) , as follows.
(1) Charno-enderbitic gneisses dominate the western Madurai Block, where they constitute the mountainous masses of the Cardamon Mountains and the Kodaikanal Massif. Towards the Palghat^Cauvery shear zone such felsic granulites occur as small and isolated enclaves within hornblende^biotite-bearing granitic gneisses [Hbl^Bt gneisses; mineral abbreviations after Whitney & Evans (2010) ], suggesting their extensive transformation as a result of retrogression. Paragneisses are rare in the western Madurai Block (Srikantappa et al., 2003) . (2) In contrast, paragneiss sequences that overlie a granitic gneiss basement dominate the eastern Madurai Block. Metasediments comprise extensively migmatized granulite-facies metapelites (Grt^Crd^Sil and Grt^Bt^Sil gneisses) and metagreywackes (Grt^Opx gneisses), but also contain metaquartzites, calcsilicates and marbles, suggesting a shallow-water deposition setting.
Field relationships
MgAl-rich granulites in the Palni Hills locality occur as layers in a sequence of Mg-rich migmatite, which are surrounded by enderbitic gneisses constituting the Kodaikanal Massif. Contacts between the migmatites and enderbitic gneisses are not exposed, but the homogeneous lithology and composition of the latter points to an igneous protolith (see below).
Three types of MgAl-rich granulite are distinguished in the outcrop, as follows.
(1) Orthopyroxene-sillimanite granulite (Opx^Sil granulite) forms centimetre-to decimetre-thick layers and bands ( Fig. 2a) within Mg-rich but Al-poor orthopyroxene granulite, which is the dominant rock type of the eastern part of the outcrop. The Opx^Sil granulite exhibits a characteristic migmatitic structure with melanocratic restitic domains alternating with orthopyroxene-bearing quartzo-feldspathic leucosome domains, forming streaks, pods or layers (Fig. 2a) . Locally, pseudomorphs after megacrystic garnet are preserved (Fig. 2b) . (2) Garnet^orthopyroxene granulite (Grt^Opx granulite) dominates the western part of the migmatite sequence. The rock shows a stromatic migmatite structure with local development of diatexitic domains (Fig. 2c ). Garnet is surrounded or completely replaced by concentric Opx^Pl coronas (Fig. 2d) . Locally, the Grt^Opx granulite forms decimetre-to metre-sized boudinaged restitic rafts in the orthopyroxene granulite (Fig. 2e ). (3) Garnet^biotite^sillimanite granulite (Grt^Bt^Sil granulite) occurs as decimetre-sized domains within these rafts. Megacrystic sillimanite lenses are separated from garnet by a blue^green sapphirine-rich corona (Fig. 2f ).
W H O L E -RO C K G E O C H E M I S T RY
Whole-rock compositions of samples representative of the MgAl-rich granulites and the associated enderbitic gneiss are given in (Table 1) . Such high Na/K ratios are unusual for shales (e.g. Taylor & McLennan, 1985) and imply sodic metasomatism, as has also been postulated for the formation of sodic MgAl-rich granulites from Newfoundland (Owen et al., 2003) . Consistent with the observed Qz-bearing assemblage, the silica-saturated (66·3^56·6 wt % SiO 2 ) migmatitic Grt^Opx and Opx^Sil granulites plot above the Opx^Sil and Grt^Opx tie-lines whereas the silica-undersaturated (49·1^48·4 wt % SiO 2 ) restitic Grt^Opx and Grt^Bt^Sil granulites fall on the Qz-absent side (Fig. 3) . Leucosome portions have a granodioritic and metaluminous^peraluminous composition. Phase diagram calculations indicate that the formation of Opx^Sil^Qz assemblages is restricted to magnesian metapelites (bulk X Mg 40·60^0·65; Kelsey et al., 2003) .
In general accordance with these data, Opx^Sil^Qz assemblages occur in the very Mg-rich metapelites of the Palni Hills locality (Opx^Sil granulite with X Mg 0·85^0·86) but are absent in less magnesian metapelites (Grt^Bt^Sil granulite with X Mg 0·67) of the Madurai Block. Fig. 2 . Field photographs, illustrating the different types of MgAl-rich granulite. (a) Opx^Sil granulite, showing a weakly banded migmatite structure with a separation into restitic bands or pods and coarse-grained quartzofeldspathic leucosomes. Centimetre-sized subhedral orthopyroxene (Opx) in the leucosome domains and sapphirine-rich symplectites should be noted. (b) Two megacrystic pseudomorphs after garnet in an Opx^Sil granulite. The darker colour of the pseudomorphs stems from the high modal amount of cordierite in the pseudomorph (see Fig. 4b ). (c) Grt^Opx granulite, mainly showing a stromatic migmatite structure with local diatexite formation (left-hand side of photograph). (d) Close-up of the Grt^Opx granulite, showing concentric orthopyroxene^plagioclase (Opx^Pl) coronas replacing garnet (Grt). (e) Restitic rafts of Grt^Opx granulite within migmatitic Opx granulite host-rock. (f) Lens of Grt^Bt^Sil granulite in a Grt^Opx granulite. The sapphirine-plagioclase corona (Spr^Pl) separating sillimanite (Sil) in the core of the lens from the surrounding garnet-rich domain (Grt) should be noted.
The surrounding enderbitic gneiss has a granodioritic protolith with a metaluminous, calcic and magnesian (X Mg 0·42) composition.
P E T RO G R A P H Y Orthopyroxene^sillimanite granulite

Coarse-grained mineral assemblages
Leucosomes are essentially composed of mesoperthite, plagioclase and quartz, but also preserve rare orthopyroxene porphyroblasts. In the melanocratic domains coarse-grained orthopyroxene (up to 2 cm) and sillimanite are embedded in a matrix of mesoperthite, which may also contain rare quartz and plagioclase. Sillimanite forms polycrystalline aggregates (up to 5 mm), which mimic the shape and simple twinning of coarse-grained kyanite (Fig. 4a ) and have been interpreted by Raith et al. (1997) as pseudomorphs after kyanite. The sillimanite pseudomorphs form straight grain boundaries against orthopyroxene (Fig. 4a ) and also occur in the leucosome portions as well as inclusions in orthopyroxene. Pseudomorphs after megacrystic garnet (up to 5 cm) are embedded in an alkali feldspar-rich matrix with orthopyroxene, rare sillimanite and quartz. Garnet is Sample: I-109-2-07 I-109-6-07 I-109-13-07 I-109-3-07 I-109-5B-07 1002 I-109-11-07 I-109-4-07 I-109-5-07 I-109-9-07 I-109-10-07 migmatite migmatite migmatite leucosome restite migmatite migmatite restite restite leucosome wt % SiO 2 58·1 6 2 ·2 5 6 ·6 6 9 ·5 4 8 ·4 6 3 ·4 6 6 ·3 4 9 ·1 4 9 ·3 7 2 ·9 6 7 ·9 1·42  2·40  1·23  2·38  0·54  0·55  1·80  0·28  2·45  0·92   P 2 O 5  0·04  0·03  0·07  0·08  0·31  0·38  0·22  0·46  0·44  0·03  0·10   LOI  0·52  0·43  0·30  0·38  0·95  0·19  0·29  0·61  0·12  0·59  0·47 Total 100·3 9 9 ·4 9 8 ·8 9 9 ·4 9 9 ·7 9 8 ·4 9 8 ·8 9 9 ·2 9 8 ·2 9 7 ·6 9 9 ·3 Sr  23  94  142  183  109  84  175  79  76  326  288   Zr  260  182  208  39  268  236  144  190  170  52  119   Ba  75  115  415  184  244  158  37  59  77  679  248   La  38  12  23  16  142  64  53  59  31  b.d.l.  26   Ce  31  19  30  13  242  83  51  70  55  24  36   X Mg  0·86  0·85  0·85  0·73  0·67  0·63  0·61  0·68  0·67  0·39  0·42   A/ACNK  0·73  0·60  0·63  0·55  0·67  0·61  0·57  0·65  0·66  0·53  0·55   A/AFM  0·43  0·57  0·49  0·81  0·63  0·53  0·67  0·46  0·45  0·96  0·72   Na 2 O/K 2 O  1·29  3·77  1·70  4·43  1·61  7·13  8·29  1·63  2·56  2·02  4·53 Bulk compositions were determined by XRF at the Institute of Geosciences of the University Kiel. b.d.l., below detection limit.
completely replaced by fine-grained intergrowths ( Fig. 4b ; see below). Rare subhedral sapphirine (up to 4 mm) occurs in quartz-free domains and may show straight grain boundaries against alkali feldspar or plagioclase (Fig. 4c) . Zircon, rutile, monazite and apatite are accessories.
Inclusion assemblages
Sapphirine is enclosed by plagioclase, alkali feldspar or orthopyroxene (Fig. 4c) . Biotite, rutile, quartz, plagioclase and an early generation of sillimanite occur as corroded inclusions in orthopyroxene ( Fig. 4d) and alkali feldspar. The pseudomorphs after garnet contain inclusions of alkali feldspar and quartz.
Corona and symplectite textures
Spr^Pl symplectites (up to 3 mm in length), which resemble the elongated shape of sillimanite or kyanite, occur in the matrix and/or enclosed by orthopyroxene, and are always rimmed by a mesoperthite corona (Fig. 4e) .
In rare quartz-bearing domains sillimanite is isolated from orthopyroxene by a cordierite rim (Fig. 4f) , which is commonly mantled by a Crd^Qz symplectite (Fig. 4g ).
Cordierite also replaces sillimanite inclusions in orthopyroxene ( Fig. 4g) . Crd^Spr symplectites, which are rimmed by cordierite moats and narrow plagioclase rims, separate orthopyroxene from sillimanite in quartz-absent domains ( Fig. 4h ) and also occur around sillimanite/kyanite inclusions within orthopyroxene. The Crd^Spr symplectites and the cordierite moats are interspersed with rutile. The pseudomorphs after garnet consist of a lamellar Opx^Spr intergrowth with minor plagioclase in the core of former garnet (Fig. 4b) . Towards the former garnet margins the intergrowth is progressively obliterated by cordierite and along the outer margin Crd^Opx symplectites occur. Crd^Spr symplectites, which presumably result from the breakdown of former sillimanite/kyanite inclusions, are present in the former garnet margins. Whereas Crd^OpxŜ pr intergrowths are rare, Crd^Opx symplectites occur in most samples (Table 2) , implying a former widespread presence of garnet in the Opx^Sil granulites. Broad biotite intergrowths with plagioclase and/or quartz separate orthopyroxene and cordierite from mesoperthite ( Fig. 4a) . 
Opx-Sil granulite
Restite/migmatite Garnet^orthopyroxene granulite Coarse-grained mineral assemblages
Orthopyroxene-bearing leucosomes are essentially composed of plagioclase and quartz, whereas melanocratic layers and domains contain abundant coarse-grained garnet (up to 1·4 cm) and orthopyroxene (up to 7 mm), which are embedded in a plagioclase^quartz matrix. Restitic rafts of Grt^Opx granulite are quartz-free. Rutile, zircon, monazite and apatite are accessories.
Inclusion assemblages
Garnet, orthopyroxene and antiperthitic plagioclase preserve rare corroded inclusions of biotite, rutile, plagioclase, ilmenite and quartz. (Fig. 4j) . Porphyroblastic garnet, orthopyroxene and the symplectites and coronas are rimmed by Bt^Pl^Qz intergrowths. In restitic samples biotite coexists with a second generation of garnet, which forms small (5 0·2 mm) euhedral to subhedral grains (Fig. 4l ) that may enclose Opx^Spl symplectites (Fig. 4m ).
Corona and symplectite textures
Garnet^biotite^sillimanite granulite Coarse-grained mineral assemblages
Polycrystalline aggregates of sillimanite pseudomorphs after kyanite (up to 2 cm) are surrounded by broad garnet-bearing domains (Fig. 2f) . The garnet coronas are embedded in a quartz-free Bt^Pl matrix that contains rare early stage corundum (up to 3·5 mm; Fig. 4n ), and are separated from the sillimanite aggregates by complex coronas (Figs 2f and 4o^q ; see below). Monazite, zircon and rutile occur as accessory phases.
Inclusion assemblages
Porphyroblastic garnet (up to 6 mm) contains corroded inclusions of sillimanite, biotite, rutile and plagioclase. Biotite inclusions also occur in early corundum (Fig. 4n ).
Corona and symplectite textures
Crn^Pl symplectites resorb the sillimanite aggregates ( Fig. 4p) , which are separated from garnet by spectacular Spr^Spl^Crn^Pl symplectites (Fig. 4o^q) . Symplectitic sapphirine contains abundant inclusions of spinel (Fig. 4q) or forms broad coronas around spinel ( Fig. 4r ) and/or symplectitic corundum. Plagioclase coronas occur between the Spr^Pl symplectite and garnet ( Fig. 4o) . In sillimanite-free domains porphyroblastic garnet is replaced by Crd^Opx^Spl symplectites (Fig. 4s) or Spl^Opx^Pl symplectites that are surrounded by striking Spr^Opx^Pl symplectites (Fig. 4t) . Bt^Pl^Qz intergrowths occur around garnet, orthopyroxene and the symplectites. Regrowth of biotite was associated with the regrowth of garnet, which occurs as coronas around the retrograde Crd^Opx^Spl symplectites (Fig. 4s ).
I N F E R R E D M I N E R A L PA R A G E N E S E S
The mineral assemblages and reaction textures observed in the MgAl-rich granulites record several stages of the metamorphic evolution (Table 2) . We interpret the coarse-grained mineral assemblages to have formed during peak-metamorphic conditions. Inclusions in the coarse-grained phases provide evidence for the prograde evolution. The succession of corona and symplectite textures, which have formed at the partial to complete expense of the coarse-grained mineral assemblages, is attributed to post-peak processes during the retrograde evolution.
Orthopyroxene^sillimanite granulite
Inclusions in the coarse-grained minerals indicate an early assemblage of biotite^sillimanite^quartz^plagioclaser utile, which was replaced by the coarse-grained peakmetamorphic assemblage orthopyroxene^garnet^kyanite/ sillimanite^alkali-feldspar^rutile AE quartz AE sapphirine through melt-producing reactions. The growth of early sapphirine is restricted to Si-poor, Qz-free sub-domains. The transformation of kyanite to sillimanite preceded the post-peak overprint, as the symplectites replace single sillimanite grains ( Fig. 4o) . The post-peak assemblages are characterized by the widespread formation of cordierite, which occurs as monomineralic coronae and in Crd^Spr symplectites between orthopyroxene and sillimanite. Garnet is completely replaced by Crd^Opx^Spr symplectites in Qz-absent core domains of former garnet and by Crd^Opx intergrowths along the garnet margins, which have been in contact with matrix quartz. Formation of late biotite is usually limited.
Garnet^orthopyroxene granulite
The inclusions testify to an early stage garnet^biotiteq uartz^plagioclase^ilmenite^rutile assemblage, which was partially (plagioclase, quartz) to completely (biotite, ilmenite) replaced by the coarse-grained peak assemblage of garnet^orthopyroxene^rutile^plagioclase^quartz through melt-producing reactions. In restitic samples quartz is absent from the peak assemblage. The post-peak assemblages are characterized by the widespread formation of plagioclase coexisting with orthopyroxene and/or spinel and/or sapphirine in various corona and symplectite textures that have developed at the expense of garnet. Sapphirine coronas around symplectitic spinel indicate spinel formation prior to the growth of sapphirine. Formation of late biotite is associated in restitic samples with the regrowth of garnet. Inclusions of Opx^Spl symplectite indicate late-stage regrowth of garnet.
Garnet^biotite^sillimanite granulite
Mineral inclusions indicate an early garnet^biotite^silli-manite^quartz^plagioclase^rutile assemblage that was partially (sillimanite, plagioclase) to completely (quartz) replaced by the coarse-grained peak assemblage garnetŝ pinel^corundum^sillimanite/kyanite^biotite^rutilep lagioclase through melt-producing reactions. Early post-peak assemblages are characterized by the widespread formation of plagioclase coexisting with a second generation of corundum and spinel. These early retrograde textures are overgrown by sapphirine-bearing coronas around symplectitic corundum and spinel. Crd^Opx^Spl symplectites form at the expense of garnet and are, in turn, overgrown by late-stage garnet coexisting with late biotite and quartz. 
M I N E R A L C H E M I S T RY
Garnet
Garnet porphyroblasts are intermediate pyrope^alman-dine solid solutions with minor spessartine (X Sps 50·02). The usually almost ideal cation sums (Table 3) indicate absent to extremely low contents of ferric iron. Broad core plateaux with a uniform significant Ca content (X Grs 0·07^0·08; X Mg 0·50^0·52) are preserved in large porphyroblasts in Grt^Opx granulite 1002 (Fig. 5 ). Smaller garnet porphyroblasts in the restitic Grt^Opx granulite I-109-5-07 (X Grs up to 0·12; X Mg 0·51^0·52) and the Grt^Bt^Sil granulite I-109-5B-07 (X Grs up to 0·09; X Mg 0·50^0·54) preserve similar high Ca contents but core plateaux are not preserved. Marked decrease of the Ca contents towards rims and cracks (X Grs 0·01^0·03) is usually associated with a concomitant slight increase of X Mg (0·53^0·56). Only garnet of the Grt^Bt^Sil granulite shows a rimward decrease of X Mg (0·47^0·48).
Fine-grained sub-to euhedral garnet is essentially unzoned, Ca-poor and slightly less magnesian (X Grs 0·02^0·03; X Sps 0·03; X Mg 0·45^0·50) than porphyroblastic garnet (Fig. 5 ).
Orthopyroxene
Orthopyroxene composition, especially the high Al content, correlates with the textural setting and the bulk-rock composition (Table 4 and Fig. 6 ). Porphyroblastic orthopyroxene shows moderate to high Al contents (Al tot 0·20^0·44). A marked rimward increase of the Al content is present in porphyroblastic orthopyroxene of Grt^Opx granulite I-109-5-97 (Al tot 0·25 for cores; up to 0·44 for rims; Fig. 6 ). Porphyroblastic orthopyroxene of Opx^Sil granulite I-109-2-97 shows an opposite Al zoning (Al tot 0·35^0·28 for cores; 0·26^0·20 for rims). Porphyroblastic orthopyroxene is unzoned with respect to X Mg . However, a large range of X Mg values is observed (0·67^0·86) among the various granulite types, which reflects the differing bulk-rock compositions. Orthopyroxene in coronas and symplectites shows similar to even higher Al contents compared with porphyroblastic orthopyroxene (Fig. 6 ). Orthopyroxene in Opx^Spl^Pl symplectites (X Mg 0·700 ·71) resorbing garnet cores along cracks records a rimward increase in Al content (Al tot 0·32 for core; 0·41 for rim). Orthopyroxene (X Mg 0·66^0·72) in Opx^Pl coronas may be zoned, with Al decreasing from contacts against coronitic plagioclase (Al tot 0·43^0·32) towards matrix quartz (Al tot 0·29^0·21). The Al content in orthopyroxene of the various symplectites remains almost constant (Al tot 0·39^0·27) whereas X Mg shows a systematic decrease with increasing distance from the interface with garnet (X Mg 0·74^0·70) towards the matrix (X Mg 0·70^0·67). This zoning corresponds to opposite X Mg zoning in garnet.
Sapphirine
Systematic chemical variation between the 7:9:3 and the 2:2:1 end-member correlates with the textural position of sapphirine ( Fig. 7a and b 
Cordierite
Cordierite in Crd^Spr and Crd^Opx^Spl symplectites is always the most magnesian symplectitic phase (X Mg 0·86^0·93; Table 6 ). The high analytical totals (499 wt %) indicate the absence of H 2 O or CO 2 fluids in the structural channels.
Spinel
Spinels in Spl^Pl intergrowths (X Mg 0·48^0·51) rimmed by symplectitic sapphirine as well as symplectitic spinel (X Mg 0·45^0·58) are almost pure hercynite^spinel solid solutions with low contents of gahnite (5 1mol %), chromite (5 1mol %) and magnetite (2^5 mol %) components, as calculated from stoichiometry (Table 6 ).
Biotite
Biotite inclusions in garnet, orthopyroxene, corundum and plagioclase of the Grt^Bt^Sil granulite (Ti 3·8^6·1wt %, X Mg 0·66^0·80), rare matrix biotite of the Grt^Opx granulite (Ti 5·3^6·0 wt %; X Mg 0·71^0·72) and late biotite around orthopyroxene (Ti 3·5^5·5 wt %; X Mg : 0·72^0·83) have rather similar compositions ( 
Cr 0·00 0·00 0·00 0·01 0·00 0·00 0·00 0·00 0·00 0·00
Grt^Opx granulite I-109-5-07 and Grt^Bt^Sil granulite I-109-5B-07 compared with Grt^Opx granulite 1002. Plagioclase inclusions in garnet are zoned with rimward increasing anorthite content (core An 50 ; rim An 54 ). Whereas more sodic matrix plagioclase is essentially unzoned (An 35^16 ), plagioclase in Opx^Pl coronas shows zoning with anorthite content slightly increasing from the contact against coronitic orthopyroxene (An 331 8 ) towards the resorbed garnet (An 38^25 ). Plagioclase in the various symplectites has a similar composition to coronitic plagioclase; however, single grains are unzoned (An 37^21 ) with a restricted compositional range in any sample that is unrelated to the respective textural position (Table 8) .
P^T^X E VO L U T I O N Method and limitations of pseudosection modelling
To constrain the P^Tevolution of the MgAl-rich granulites a series of pseudosections in the NCKFMASHT system has been calculated (Fig. 8a^d) . Mineral assemblages are usually the result of interacting continuous multivariant reactions rather than of discontinuous univariant reactions. As they can quantify and explain the interplay of multivariant equilibria, pseudosections are therefore superior to semiquantitative petrogenetic grids to constrain the P^T evolution of rocks. P^T pseudosections were calculated using the THERIAK-DOMINO and Holland & Powell (1998) for cordierite. The bulk compositions and mineral assemblages of the samples used for the calculations are summarized in Table 1 and Table 2 , respectively. The preservation of porphyroblastic orthopyroxene in the leucosomes (Fig. 2a) suggests melt loss from the rocks (e.g. White et al., 2004) , which implies a change of the bulk-rock composition during the prograde evolution. Although the constrained early stages of the metamorphic evolution are mainly based on changes in the stable aluminosilicate, which are rather robust against bulk chemistry changes, the prograde Opx-Spl sympl.
on Opx
Opx-Spr-Pl sympl.
Opx-Spl-Pl sympl.
at Grt rim . The magnetite component of spinel is very low and almost ideal cation sums of orthopyroxene and garnet indicate negligible Fe 3þ in their formulae. The water content was taken from the 'loss of ignition' (LOI). An increase in the water content, the main chemical modification during retrogression, would cause an expansion of the cordierite stability field and would shift the solidus towards lower temperatures (e.g. Carrington & Harley, 1996; Harley & Thompson, 2004; Baldwin et al., 2005) . As the present study focuses on the reconstruction of the near-peak-metamorphic evolution, weakly rehydrated samples have therefore been selected for the calculations. The inferred retrograde segment of the P^T path (see below) has to been treated with some caution as the post-peak evolution of the MgAl-rich granulites is characterized by the development of mineralogical and chemical microdomains that may form in response to chemical potential gradients rather than changing P^T conditions (e.g. Dunkley et al., 1999) . The pseudosection approach is therefore supplemented with thermobarometric calculations for the observed different stages of the metamorphic evolution. The results and applied thermobarometers are summarized in Table 9 . Details of the calculation procedure are given in the Appendix. 
Oxygens 20 20 20 20 20 20 20
Ca 0·00 0·00 0·00 0·00 0·01 0·00 0·00 Na 0·00 0·00 0·00 0·00 0·01 0·00 0·01 K 0 ·00 0·00 0·00 0·00 0·00 0·00 0·00
*Normalized to 14 cations.
Inferred P^T paths Opx^Sil granulite I-109-2-07
The P^T path constrained for the Mg-rich Opx^Sil granulite (Fig. 8a) is based on the following criteria. Sillimanite^rutile^biotite inclusions in orthopyroxene and alkali feldspar indicate initial P^T conditions of 7008 008C and 7^9 kbar. The inferred formation of matrix kyanite and, at pressures of412 kbar, of garnet, documents loading and entry into the Grt^Ky^Opx^Bt^Rt^Afs^Qz field. Concomitant heating led to the progressive consumption of quartz and biotite through garnet-, rutile-and orthopyroxene-producing dehydration-melting reactions, and to the formation of sillimanite pseudomorphs after kyanite. The inferred coarse-grained assemblage GrtÔ px^Sil^Afs^Rt^Qz^Liq is stable between 12 and 13 kbar and at T48908C. High Al contents in cores of 
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porphyroblastic orthopyroxene (Al tot/2 up to 0·19) document temperatures of c. 10008C. The formation of Spr^Pl and Crd^Spr symplectites indicates entry into the OpxŜ il^Afs^Spr^Rt^Liq and, subsequently at slightly lower pressures, the Opx^Crd^Kfs^Spr^Rt^Liq field. This evolutionary stage is interpreted to result from steep decompression to c. 8·0 kbar at extreme temperatures of 1015 AE 58C, which are consistent with Opx^Spr temperature estimates calculated for the growth of the Spr^Pl and Crd^Spr symplectites ( Table 9 ). The formation of Crd^Qz symplectites around cordierite moats is consistent with post-decompressional cooling into the Opx^Crd^FspQ z^Rt^Liq field. Rimward decrease of Al in orthopyroxene (Al tot/2 0·13^0·10) and regrowth of biotite document continued cooling below the solidus at T 58008C.
Migmatitic Grt^Opx granulite 1002
Large Grt^Opx stability fields at pressures 47 kbar characterize the phase diagram for the migmatitic Grt^Opx granulite (Fig. 8b) . Inclusions of biotite, rutile and ilmenite in garnet and orthopyroxene combined with the composition of garnet core plateaux (X Grs 0·08^0·07; X Mg 0·500 ·52) provide evidence for early stage P^T conditions of 58308C at c. 10·5 AE 0·5 kbar. The peak-metamorphic assemblage Grt^Opx^Qz^Rt^Pl^Liq, which is stable in a large field at 48408C and 410 kbar, formed through the progressive consumption of biotite. Garnet-zoning with constant Ca content, but slightly rimward increasing X Mg (X Grs 0·08^0·07; X Mg 0·52^0·53), documents heating associated with concomitant loading up to UHTconditions of 10008C at 13 kbar, very close to the estimates obtained 
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Total 95·9 9 6 ·2 9 5 ·8 9 6 ·2 9 5 ·4 9 5 ·4 9 6 ·3 9 6 ·2 9 5 ·7 9 5 ·9   Oxygens  22  22  22  22  22  22  22  22  22  22   Si  5·46  5·42  5·49  5·44  5·54  5·59  5·48  5·49  5·52  5·56   Al  2·68  2·77  2·83  2·84  2·75  2·68  2·79  2·67  2·80  2·72   Ti  0·65  0·60  0·36  0·47  0·43  0·55  0·67  0·59  0·44  0·45   Cr  0·04  0·01  0·00  0·01  0·01  0·01  0·01  0·00  0·00  0·01   Fe   2þ   1·33  1·12  0·89  1·07  1·20  1·29  1·57  1·21  1·29  1·20   Mg  3·43  3·70  4·21  3·87  3·74  3·42  2·98  3·64  3·65  3·71 Mn 0·01 0·00 0·00 0·00 0·00 0·00 0·01 0·00 0·01 0·01 Ca 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 from thermobarometry (c. 10108C, 13·5 kbar; Table 9 ). The rimward decrease of Ca but increasing X Mg in garnet (X Grs 0·01^0·02; X Mg 0·53^0·54), coexisting with Al-rich orthopyroxene (Al tot/2 up to 0·17), records steep decompression at slightly increasing temperatures up to 10308C.
Continued decompression to pressures 59^10 kbar at temperatures 410008C is indicated by the replacement of Grt^Qz assemblages through Opx^Pl coronas, consistent with the high Al content of coronitic orthopyroxene (Al tot/2 up to 0·18) and thermobarometric data (c. 10108C, c. 9·5 kbar; Table 9 ). Post-decompressional cooling to subsolidus conditions of 58008C is inferred from the localized regrowth of biotite around orthopyroxene and garnet.
Restitic Grt^Opx granulite I-109-5-07
The restitic Grt^Opx granulite exhibits several reaction textures, which allow a more detailed reconstruction of the retrograde P^T evolution. The pseudosection for the Mg-rich and Si-poor rock comprises stability fields for spinel, which is stable on the lower but also the higher P^T side of the sapphirine stability field (Fig. 8c) . Remarkably, the Al-isopleths for orthopyroxene coexisting with garnet in the Grt^Opx granulite are strongly pressure-dependent, which contrasts with the strong temperature dependence constrained for the garnet-free UHTassemblages of the Opx^Sil granulites. Replacement of biotite and subsequently quartz, which are preserved as inclusions in garnet, is consistent with heating to 850^9008C and concomitant loading to lower crustal levels. High peak pressures are constrained from the Ca-rich garnet composition (X Grs 0·12^0·09) and the moderate Al content in the cores of porphyroblastic orthopyroxene (Al tot/2 0·12) in the melt-present Grt^Opx^Pl^Rt peak assemblage, which is stable in a large field at 48508C and 411·5 kbar and formed at c. 10108C and 13·5 kbar as calculated from thermobarometry (Table 9) . Rimward decreasing Ca in garnet (X Grs 0·02) and increasing Al in orthopyroxene (Al tot/2 up to 0·22) record JOURNAL OF PETROLOGY VOLUME 52 NUMBER 9 SEPTEMBER 2011 subsequent decompression. Rimward increasing X Mg in garnet suggests increasing temperatures during decompression, but the isopleth values (X Mg 0·60^0·61) are slightly higher than the maximum measured ones (X Mg 0·56). This suggests that former Mg-rich garnet rims were completely resorbed. During decompression garnet was successively replaced by Opx^Spl^Pl symplectites, which, in turn, were overgrown by Opx^Spr^Pl symplectites as evident from sapphirine coronas around spinel. This indicates passage through the narrow Grt^Opx^Spl^Ilm^Pl^Liq field at c. 9 kbar followed by entry into the sapphirine stability field at slightly lower pressures, consistent with thermobarometric data calculated for the formation of the Opx^Spr^Pl symplectites and the Opx^Pl coronas (1000^9508C, c. 8·5 kbar; Table 9 ). The regrowth of biotite and Ca-poor garnet at the expense of the symplectitic phases demonstrates post-decompressional near-isobaric cooling to subsolidus conditions 58508C at c. 6·0 kbar. The calculated composition of regrown garnet (X Grs 0·03^0·04; X Mg 0·55^0·57) is slightly more magnesian than the analysed one (X Grs 0·02; X Mg 0·48^0·50) presumably as a result of continued diffusional Fe^Mg exchange between very fine-grained late garnet and the symplectites.
Grt^Bt^Sil granulite I-109-5B-07
The SiO 2 -poor Grt^Bt^Sil granulite exhibits symplectite textures, which are suitable to resolve the prograde evolution and the earliest stages of decompression in more detail. Remarkably, biotite is stable up to extreme temperatures of 11008C according to the pseudosection (Fig. 8d) . The Bt^Sil^Pl^Rt inclusion assemblage in garnet points to early stage P^T conditions of 47508C and 48·5 kbar. The transformation of sillimanite to kyanite, as the once stable Al 2 SiO 5 polymorph of the matrix, is consistent with loading. High grossular contents in garnet cores (X Grs 0·09^0·08) are in agreement with constraints from calculated compositions and demonstrate peak pressures of c. 13 kbar. During subsequent heating kyanite was partially replaced by Crn^Pl symplectites but remained in the sample as a metastable phase, which was pseudomorphed by sillimanite. The growth of Spl^Pl symplectites between garnet and sillimanite led to the formation of the peak-metamorphic assemblage Grt^Bt^Crn^Spl^Rt^PlL iq, which is stable in a narrow field at c. 10008C and 412 kbar. Growth of Spr^Pl symplectites between garnet and sillimanite, thereby enclosing symplectitic corundum and spinel, documents decompression at still increasing temperatures. The formation of Opx^Spl^Pl symplectites and plagioclase coronas resorbing garnet is consistent with further decompression at 950^10008C and c. 8 kbar, as consistently calculated from thermobarometry (Table 9) . Post-decompressional near-isobaric cooling led to the formation of cordierite in the symplectite and was followed by regrowth of biotite and garnet (X Grs 0·02^0·03; X Mg 
LG 0·48^0·50), which demonstrates re-entry into the garnet stability field at subsolidus conditions and pressures of c. 5·5 kbar.
An integrated P^T path for the MgAl-rich granulites of the Palni Hills
The results from P^T pseudosection modelling and thermobarometric calculations show that the different types of MgAl-rich granulites in the Palni Hills outcrop evolved along a common clockwise P^T path. The path comprises an early stage of loading and culminates at peakmetamorphic HP^UHT conditions (c. 13 kbar, 10008C), as mainly inferred from the overlapping stability fields of the peak-metamorphic assemblages of the different granulite types (Fig. 8a^d) . Peak metamorphism was succeeded by marked decompression of the order of c. 6 kbar at prevailing UHT conditions (1010^9208C), which in turn was followed by late near-isobaric cooling to sub-solidus conditions (c. 8008C, 6·0 kbar).
G E O C H RO N O L O GY U^Pb zircon analysis
Three samples were selected for laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) U^Pb spot analyses. Zircons in the leucosome sample I-109-3-07 are expected to provide constraints on the timing of partial melting, which was presumably coeval with the UHT metamorphism. Zircons in the restitic Opx^Sil granulite I-109-1-07 may preserve additional information on the age of the source rocks. As contacts between the MgAl-rich granulite and the surrounding orthogneiss are not exposed, the enderbitic gneiss I-109-10-07 was selected to establish the age relationships and the role of the magmatic precursor as a possible heat source for the UHT metamorphism. The results of the U^Pb analyses are presented in Table 10 . Zircon concentrates were prepared at Kiel University using standard heavy mineral separation techniques. Selected grains were separated and set in epoxy resin to form discs. All polished mounts were photographed and zircon grains were imaged by SEM cathodoluminescence (CL) to identify their internal structure, using the JEOL JSM-6400 electron microprobe at the Institute of Geosciences, Frankfurt University. U^Pb analyses were carried out by LA-ICP-MS at Frankfurt University using a Thermo-Finnigan Element II sector field ICP-MS system coupled to a New Wave UP213 ultraviolet laser system. Analytical details have been given by Zeh et al. (2007) .
Leucosome of Opx^Sil granulite I-109-3-07
Sample I-109-3-07 is a leucosome portion of the Opx^Sil granulite with the mineral assemblage Opx^Afs^Rt^PlQ z (Table 2) . A total of 27 spots on nine euhedral to subhedral zircon grains (up to 300 mm) were analysed for U^Pb. CL images reveal oscillatory zoning within most grains (Fig. 9a) . Only two grains show unzoned and weakly luminescent cores, which are surrounded by broad oscillatory-zoned rims ( Fig. 9b and c) . These cores yield mid-Paleoproterozoic (2060 AE 23 Ma) and midNeoproterozoic (826 AE 50 Ma) 207 Pb/ 206 Pb ages, whereas concordant spot ages for the oscillatory-zoned grains and rims define a well-constrained late Neoproterozoic population at 553·5 AE 4·5 Ma (Fig. 10a) .
Restitic Opx^Sil granulite I-109-1-07
Sample I-109-1-07 contains the restitic peak assemblage (Grt)^Opx^Sil^Rt^Afs (Table 2) . A total of 21 spots on eight euhedral to subhedral zircon grains (up to 405 mm) were analysed for U^Pb. CL images reveal a complex structure for most grains (Fig. 9d^f) . Broad oscillatoryzoned overgrowths surround small corroded and weakly luminescent cores, which occasionally display fine oscillatory zoning (Fig. 9d ) or are unzoned (Fig. 9e) . The oscillatory-zoned overgrowths, in turn, are sometimes surrounded by unzoned and weakly luminescent rims ( Fig. 9e and f) . Whereas the cores yield Paleoproterozoic to Neoproterozoic Pb^Pb ages (2475^582 Ma), Pb^Pb ages of the oscillatory-zoned overgrowths and the unzoned rims are in the range of 584^539 Ma and 578^526 Ma, respectively, suggesting simultaneous formation. The analyses define a discordia with an early Paleoproterozoic upper-intercept age of 2469 AE13 Ma, defined by the concordant to strongly discordant core analyses. A late Neoproterozoic lower-intercept age of 559 AE 3·4 Ma is indistinguishable from the concordia age of 553·3 AE 3·4 Ma (Fig. 10b) , which is defined by 12 concordant analyses of overgrowth and rim domains (concordance 93^106%).
Enderbitic gneiss I-109-10-07
The enderbitic gneiss I-109-10-07 preserves the peak assemblage Opx^Cpx^Pl^Kfs^Qz. A total of 30 spots on 11 zircon grains (up to 1120 mm) were analysed for U^Pb. CL images reveal an oscillatory or growth-banded zoning for most zircons (Fig. 9g^i) . A few grains show a narrow unstructured overgrowth (Fig. 9g) , resorption of oscillatory^zoned grains along cracks by unstructured recrystallized domains (Fig. 9h ) or broad sectors with zig-zag edges (Fig. 9i) , termed 'fir-tree' zoning (e.g. Vavra et al., 1996) . The growth-banded and oscillatory-zoned grains, together with the core domains of zoned zircons, define a late Archean upper-intercept age of 2534 AE 9 Ma (Fig. 10c) . The narrow overgrowths, as well as the recrystallized unstructured or fir-tree zoned domains, define a late Neoproterozoic lower-intercept age of 558 AE7 Ma, which is within error identical to a concordia age of 556·5 AE 4·3 Ma defined by eight concordant (concordance 95^105%) analyses of rims and recrystallized domains (Fig. 10c ). 
Interpretation of zircon data
The oscillatory zoning of single zircon grains as well as zircon overgrowths around Paleoproterozoic cores of leucosome sample I-109-3-07 and restitic sample I-109-1-07 of the Opx^Sil granulites indicates their crystallization from the anatectic melt. Consequently, we interpret the almost identical concordant late Neoproterozoic ages of 553·5 AE 4·5 Ma (Fig. 10a ) and 553·3 AE 3·4 Ma (Fig. 10b) , respectively, to correspond to the timing of partial melting during UHT metamorphism. Fir-tree zoned and osc., oscillatory zonation; recryst., recrystallized grain, alter., alteration domain. unstructured rims and domains around oscillatory-zoned zircon in the enderbitic gneiss are interpreted to result from metamorphic new growth at 556·5 AE 4·3 Ma and hence corroborate late Neoproterozoic UHT metamorphism at 555 Ma.
The oscillatory or growth-banded zoning in zircons from the enderbitic gneiss (sample I-109-10-07) suggests that they represent primary magmatic zircon grains. These zircons have since undergone variable Pb loss during late Neoproterozoic UHT metamorphism and, as the rocks are not affected by partial melting, the late Archean upper-intercept age of 2534 AE 9 Ma (Fig. 10c) is interpreted as the emplacement age of the granodioritic protolith. The age is close to the early Paleoproterozoic (2469 AE13 Ma) upper-intercept age defined by zircon cores in the restitic Opx^Sil granulite sample. Because of the ambiguous internal structure of the zircon cores (unzoned and/or fine oscillatory zoning) the early Paleoproterozoic age can be interpreted as (1) the timing of an igneous intrusion, (2) a metamorphic overprint or (3) the age of detrital magmatic zircons from the surrounding enderbitic gneisses, which were incorporated into younger sediments. The large compositional variability of the rocks in the studied migmatite sequence of the Palni Hills outcrop makes an igneous origin of the MgAl-rich granulites very unlikely but rather points to a sedimentary origin. Early Paleoproterozoic metamorphism (U^Pb upper-intercept zircon age of c. 2·46 Ga) has been recently recognized in Archean paragneisses, which are exposed just 9 km north of the studied MgAl-rich granulite locality at the northern flank of the Kodaikanal Massif (Fig. 1c) and occur as rafts in the late Archean enderbitic orthogneiss (Brandt et al., 2010) . Therefore, the early Paleoproterozoic upper-intercept age of the restitic OpxŜ il granulite is interpreted as the timing of a metamorphic overprint.
The very limited late Neoproterozoic recrystallization of zircon in the enderbitic orthogneisses (narrow zircon rims around large magmatic cores) presumably results from the melt-absent growth of the two-pyroxene assemblage. Melt-and fluid-absent conditions favoured the preservation of the late Archean magmatic cores.
In situ U^Th^total Pb monazite analysis
Because of its in situ nature and the high spatial resolution, EMP monazite dating permits the correlation of geochronological data with the metamorphic evolution. Two MgAl-rich granulite samples were selected for EMP monazite dating. The results are summarized in Table 11 . The samples were polished on Pb-free polishing discs and analysed on a JEOL Superprobe JXA 8900R at the Institute of Geosciences, University Kiel, following the analytical protocol given by Jo« ns et al. (2006) . Backscattered electron (BSE) images as well as X-ray mapping of Y, Th, U and Pb were used to visualize possible internal zoning.
Migmatitic Grt^Opx granulite 1002
In the Grt^Opx granulite monazite occurs in several textural settings. Most anhedral to subhedral monazites within the matrix (up to 280 mm) and small monazite inclusions (up to 60 mm) in porphyroblastic orthopyroxene and garnet are unzoned or patchily zoned (ThO 2 * 5·79 ·7 wt %; Y 2 O 3 0·5^2·9 wt %; Fig. 11a ). BSE images combined with X-ray maps for Yand Th reveal a more complex zoning pattern for one matrix grain with a Th-and Y-poor core (ThO 2 * 4·6^5·1wt %; Y 2 O 3 0·4^0·5 wt %) that is overgrown by a Th-rich, Y-poor mantle (ThO 2 * 8·6^12·2 wt %; Y 2 O 3 0·1^0·3 wt %; Fig. 11b and c) . The mantle, in turn, is resorbed and overgrown by a broad unzoned Th-poor but Y-richer rim (ThO 2 * 6·6^7·1wt %; Y 2 O 3 1·3^1·8 wt %). Core^rim relationships are also revealed for anhedral monazites (up to 180 mm) in decompressional Opx^Pl coronas resorbing garnet (Fig. 11d) . Large patchily zoned and Y-poor cores (Y 2 O 3 0·2^0·7 wt %) are overgrown by thin Y-richer rims (Y 2 O 3 1·7^6·6 wt %).
Core domains of the complexly zoned matrix grain yield the oldest dates (656 AE 65 to 620 AE 59 Ma). Spot ages from the mantle domain (574 AE 41 to 535 AE 35 Ma), monazite inclusions in garnet (592 AE 37 to 556 AE 42 Ma), unzoned or patchily zoned matrix grains (592 AE 37 to 482 AE 39 Ma) and core domains of zoned grains in Opx^Pl coronas (615 AE 50 to 511 AE43 Ma) are mostly within error, suggesting broadly synchronous growth. The ages from the Y-poor monazites from the various textural settings define a late Neoproterozoic isochron age of 547·6 AE 51·1Ma (Fig.  12a) . The Y-rich rims of zoned grains in Opx^Pl coronas and in the matrix give slightly younger dates (560 AE 34 to 483 AE 37 Ma) and yield a Cambrian isochron age of 527·1 AE94·4 Ma (Fig. 12a) .
Restitic Grt^Bt^Sil granulite I-109-5B-07
The strongly retrogressed Grt^Bt^Sil granulite I-109-5B-07 preserves evidence for two distinct stages of monazite growth. Monazite grains in the matrix (up to 200 mm), in retrograde Spr^Pl symplectites (up to 550 mm) and in direct contact with extensively formed late biotite (up to 100 mm) show broad homogeneous or sector-zoned, generally Th-poor (ThO 2 * 3·4^14·7 wt %) cores that are mantled and locally resorbed by concentric, usually Th-richer (ThO 2 * 8·4^20·1wt %) rims (Fig. 11e^h) . Only rare and small monazite inclusions in garnet lack the overgrowth. Ycontents show no systematic variation.
Spot ages of core domains (599 AE 29 to 534 AE 29 Ma) and of inclusions in garnet (575 AE 29 to 556 AE 25 Ma) overlap and define an isochron age of 550·5 AE 27·9 Ma (Fig. 12b) . The rims yield younger dates (539 AE 21 to 464 AE 25 Ma) and define an early Cambrian isochron age of 505·6 AE19·7 Ma (Fig. 12b) .
Interpretation of monazite data
In the Grt^Opx granulite, the low Y contents of both matrix monazites (unzoned grains and core domains of zoned grains) and core domains of monazites in Opx^Pl coronas suggest that they formed during the peakmetamorphic growth of porphyroblastic garnet, which acted as a major Y sink. Therefore, we regard the isochron age of 547·6 AE 51·1Ma as the timing of peak-metamorphic conditions. The value is in excellent accordance with the isochron age of 550·5 AE 27·9 Ma defined by monazite cores in the Grt^Bt^Sil granulite. The similar late Neoproterozoic ages of monazite inclusions in Ca-rich garnet cores of both samples (592^552 Ma) suggest that garnet growth exclusively occurred during the late Neoproterozoic HP^UHT metamorphism. The interpretation of the Ca-rich garnet cores as possible relics of an early Paleoproterozoic HP granulite-facies metamorphism is precluded, as a complete resetting of the monazites appears unlikely. The c. 550 Ma monazite age for the timing of peak metamorphism confirms late Neoproterozoic UHT metamorphism, as inferred from the zircon data (c. 555 Ma).
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Because of the lack of sufficient data, the significance of the rare 656^620 Ma core ages, which occur in one monazite grain of the Grt^Opx granulite, remains uncertain. The ages might be related to a so far poorly defined late Neoproterozoic high-grade metamorphic event, which has been recently inferred through concordant in situ U^Pb zircon ages of 615 AE11Ma in the Madurai Block .
D I S C U S S I O N
The present study concentrates on the reconstruction of the metamorphic evolution of MgAl-rich UHT granulites from the Palni Hills in southern India, as they are key rocks for unravelling the crustal evolution of the Madurai Block during the assembly of Gondwana in the latest Neoproterozoic.
Age of protolith formation and extent of late Archean crust in southern India
The studied enderbitic orthogneiss from the Palni Hills documents late Archean crustal growth in the central Madurai Block. The intrusion age of 2534 AE 9 Ma represents the oldest crystallization age for metagranitoids south of the Palghat^Cauvery shear zone reported so far.
It demonstrates a considerable extent of late Archean crust in the central Madurai Block as the enderbitic orthogneisses constitute the volumetrically dominant lithological component of the Kodaikanal Massif. Similar emplacement ages have been reported for metagranitoids from the Cardamon Mountains (2511 AE27 Ma U^Pb zircon upper-intercept age; Ghosh et al., 2004) and the Kodaikanal Massif (2438 AE12 Ma zircon evaporation age; Bartlett et al., 1998) . The late Archean^early Paleoproterozoic emplacement ages in the Madurai Block are coeval with granitoid magmatism in the Eastern Dharwar Craton (2·55^2·52 Ga; Jayananda et al., 2000) , the Northern Granulite Terrane (c. 2·53 Ga; Clark et al., 2009b) and the Palghat^Cauvery shear zone (2·53^2·51 Ga; Ghosh et al., 2004; Fig. 1b) . The Northern Granulite Terrane was affected by slightly younger, early Paleoproterozoic (2·50^2·47 Ga) granulite-facies metamorphism (Peucat et al., 1993; Raith et al., 1999; Ghosh et al., 2004; Clark et al., 2009b) . Based on a correlation with nearby exposed paragneisses that were affected by early Paleoproterozoic metamorphism (Brandt et al., 2010) we postulate almost coeval metamorphism (2469 AE13 Ma) for the MgAl-rich granulites. Voluminous felsic magmatism between 2·53 and 2·44 Ga in the Kodaikanal Massiv may have caused this metamorphism and associated Na metasomatism. Archean metasediments that were affected by early Paleoproterozoic metamorphism are reported here for the first time in the Madurai Block.
The inferred late Archean crustal growth and early Paleoproterozoic tectono-metamorphic evolution in the central Madurai Block is remarkably similar to the evolution in the Northern Granulite Terrane and PalghatĈ auvery shear zone and indicates that either (1) the late Archean cratonic domains (including parts of the Palghat^Cauvery shear zone and the Northern Granulite Terrane blocks) extend at least as far south as the Kodaikanal Massif, (2) the Madurai Block may represent a distinct microcontinent with an evolution resembling that of the Eastern Dharwar Craton or (3) the Madurai Block is a fragment of the microcontinent Azania (Collins et al., 2007b) , which forms large parts of central Madagascar (Collins & Pisarevsky, 2005) . The last model is based on the interpretation of the PalghatĈ auvery shear zone as a late Neoproterozoic suture and collision zone (e.g. Collins et al., 2007a Collins et al., , 2007b . However, this interpretation is controversial (e.g. Ghosh et al., 2004) and the Neoproterozoic P^T^t evolution recorded by the studied MgAl-rich HP^UHT granulites provides crucial insights into the crustal evolution of the Madurai Block during Gondwana formation as discussed below.
P^T evolution: UHT metamorphism and a single-phase clockwise P^T path Based on the petrological analysis of mineral assemblages and sequential reaction textures, we have inferred a single-phase clockwise P^T path for the MgAl-rich granulites of the Palni Hills (Fig. 8a) . The documented P^T loop has a prograde segment, a peak-metamorphic HPÛ HT stage and a retrograde segment that includes steep UHT decompression followed by near-isobaric cooling. Raith et al. (1997) proposed a clockwise two-stage decompression P^T path and UHT peak conditions of 9501 0008C and 11^10 kbar for the Palni Hills granulites on the basis of predictions from KFMASH petrogenetic grids and feldspar thermometry (Fig. 8a) . The peak conditions are now shifted towards higher values and a second decompression subsequent to cooling is not supported by our data.
Most of the observed phase relationships and the thermobarometric data correlate well with predictions from the pseudosections. The preservation of inclusion assemblages in the porphyroblastic minerals of the peak assemblages documents the earliest recorded stage of the prograde P^T path and testifies to mid-to lower-crustal P^T conditions (c. 700^8008C, 7^9 kbar). During subsequent heating and concomitant subsidence to lower crustal levels (c. 40 km depth) sillimanite was transformed to kyanite, coexisting with garnet, orthopyroxene and quartz. Opx^Ky^Qz assemblages are reported from only a few localities worldwide, as they occur only in magnesian rocks with X Mg 40·84 (Hollis et al., 2006) . This finding is consistent with our pseudosection modelling, as relic Opx^Ky^Qz assemblages are restricted to the Mg-rich Opx^Sil granulites (X Mg 0·85^0·86). During continued heating to extreme HP^UHT peak conditions (c. 10008C, 13·0 kbar) kyanite was transformed to sillimanite, whereas biotite^quartz was partially to completely consumed during continuing melt-reactions by the peak-temperature assemblages (Grt)^Opx^Sil^Afs^Rt AE Qz AE Spr (MgAl-rich compositions), Grt^Opx^Pl^Rt AE Qz (less MgAl-rich compositions) and Grt^Bt^Crn^Spl^Sil^Pl^Rt (Al-rich but less Mg-rich compositions), which coexist with melt, present as segregations in the rocks. With rare exceptions, such as in Grt^Opx granulites from Mather Peninsula, Antarctica (Harley, 1998a) and the Epupa Complex, Namibia (Brandt et al., 2003) , UHT conditions are not recovered by Fe^Mg exchange thermometry, because of post-peak diffusional Fe^Mg exchange (Harley, 1998b) . The exceptional documentation of UHTconditions through Grt^Opx Fe^Mg thermobarometry in the Palni Hills granulites is presumably favoured by the partially large grain size of the garnet and orthopyroxene, which accounts for the preservation of the highest-grade mineral compositions.
Steep post-peak near-isothermal decompression of the order of c. 6 kbar led to the growth of a sequence of coronitic and symplectitic reaction textures that record uplift to elevated crustal levels (c. 20 km depth). The observed reaction sequence with symplectitic spinel rimmed by sapphirine has been described from a few Mg-rich granulite localities (e.g. Harley, 1986) and interpreted in terms of a counter-clockwise P^T evolution (e.g. Santosh & Sajeev, 2006) on the basis of petrogenetic grid constraints, which indicate stability of sapphirine at higher pressures relative to spinel (e.g. Harley, 1998b; Kelsey et al., 2005) . However, pseudosection modelling for the Palni Hills MgAl-rich granulites indicates narrow spinel stability fields on the high-pressure side of sapphirine stability and the observed textures are therefore consistent with a clockwise P^T evolution.
Porphyroblastic orthopyroxene in the Grt^Opx granulites shows a remarkable rimward increase in Al. Similar zoning has been described by Harley & Motoyoshi (2000) and Hollis & Harley (2002) and interpreted to result from heating to UHT conditions. However, pseudosection modelling for the studied Grt^Opx granulite indicates that Al zoning of orthopyroxene coexisting with garnet is consistent with UHT decompression, as the Al-in orthopyroxene isopleths are strongly pressure dependent in Grt^Opx stability fields. The preservation of this zoning as well as of the prograde X Mg zoning of garnet suggests rapid uplift of the rocks to mid-crustal levels. Spr^Spl^Pl symplectites, as observed in the Palni Hills MgAl-rich granulites, have been previously described only from retrogressed kyanite-eclogites from the Rhodope Massiv, Greece (Liati & Seidel, 1996) and HP^UHT granulites from the Saxon Granulite Massif, Germany (Ro« tzler & Romer, 2001) , and interpreted to result from the decompressional breakdown of garnet^kyanite^omphacite and garnet^kyanite, respectively. Their occurrence in the studied MgAl-rich granulites thus supports the postulated HP evolution of the rocks. The regrowth of biotite during post-decompression, near-isobaric, cooling to subsolidus conditions is petrological^geochronological^structural studies are required to constrain the extent of the postulated late Neoproterozoic HP^UHTcollision zone.
C O N C L U S I O N S
We have documented a single-phase clockwise P^T evolution for HP^UHT granulite-facies MgAl-rich granulites and associated enderbitic orthogneisses of the Palni Hills (South India). In combination with zircon and monazite dating, this provides new insights into the crustal evolution of the Madurai Block (Southern Granulite Terrane) from the late Archean until the assembly of Gondwana in the late Neoproterozoic.
U^Pb zircon data for enderbitic orthogneisses record late Archean (2534 AE 9 Ma) felsic magmatism and crustal growth in the central Madurai Block. The intrusion age marks the beginning of voluminous granitoid emplacement in the Southern Granulite Terrane between 2530 and 2440 Ma, which presumably caused a first high-grade metamorphic event in the early Paleoproterozoic (2469 AE13 Ma), recorded by zircon cores in the MgAlrich granulites.
U^Pb zircon and U^Th^total Pb monazite ages reveal late Neoproterozoic HP^UHT metamorphism (c. 555 Ma) and partial melting in the central Madurai Block. Decompressional uplift at prevailing UHT conditions was followed by near-isobaric cooling.
The clockwise P^T path is related to collisional tectonics, probably along a NNE^SSW-trending collision zone (termed the Kambam UHT metamorphic belt), during the final assembly of Gondwana.
